A 94-kD protein that accumulates predominately in tomato (Lycopersicon esculenfum) fruit during ripening was purified, and antibodies specific for the purified protein were used to isolate cDNA clones from a red-ripe fruit cDNA library. A sequence analysis of these cDNAs and cross-reactivity of the 94-kD-specific antibodies to the soybean lipoxygenase (LOX) L-1, L-2, and L-3 proteins and soybean LOX L-l-specific antibodies to the 94-kD protein identified it as a member of the LOX gene family. Maximum levels of the 94-kD LOX mRNA and protein are present in breaker to ripe and red-ripe stages, respectively. Expression of 94-kD LOX in different tissues from mature green and red-ripe tomato fruits was found to be greatest in the radial walls of ripe fruit, but immunocytolocalization using tissue printing suggests that the highest accumulation of its protein occurs in locular jelly. None of 94-kD LOX is expressed in nonripening mutant fruits of any age. Never-ripe mutant fruit accumulate the 94-kD LOX mRNA to levels similar to those obtained in wild-type fruit, but fail to accumulate the 94-kD LOX protein. Collectively, the results show that expression of 94-kD LOX is regulated by the ripening process, and ethylene may play a role in its protein accumulation.
Climacteric fruit ripening is a developmentally and genetically regulated process that is characterized by many biochemical and physiological changes, including increases in the rate of ethylene biosynthesis and respiration, chlorophyll degradation, pigment accumulation, textura1 modifications such as fruit softening, changes in the levels of sugars and organic acids, and production of volatile aromatic compounds (Brady, 1987) . These coordinated physiological and biochemical changes are due to differential gene expression, as has been shown by analyses of total proteins and in vitro translation products synthesized from poly(A)+ RNAs isolated from ripening tomato (Lycopersicon esculentum) fruits (Grierson et al., 1985; Biggs et al., 1986) . Differential screening and subtractive hybridization of cDNA libraries made from poly(A)+ RNAs of ripening tomato fruits have led to the isolation and characterization of cDNAs for many genes in which the expression changes during fruit development and ripening (Gray et al., 1992) . However, the identity of most proteins that undergo in-creases, decreases, and fluctuations during ripening remain to be established. During the course of tomato fruit ripening, a 94-kD protein accumulates and becomes one of the most abundant species in red-ripe fruit. To establish the identity of the 94-kD protein, we have isolated and characterized cDNA clones encoding this protein. We report here that it represents a member of the lipoxygenase gene family.
Lipoxygenases are nonheme-iron-containing dioxygenases that catalyze the hydroperoxidation of unsaturated fatty acids containing a cis,cis-1,4-pentadiene structure producing hydroperoxy acids with conjugated dienes (for review, see Vick and Zimmerman, 1987) . LOX activity has been found in a wide range of organisms, including plants, animals, fungi, and cyanobacteria (for review, see Siedow, 1991) . Typical substrates for LOX in plants are linoleic acid and linolenic acid fatty acids, whereas some are able to act on esterified fatty acids. LOX-catalyzed fatty acid hydroperoxides serve as intermediates for a number of secondary reactions, leading to the production of jasmonic acid, traumatin, traumatic acid, volatile alcohols, aldehydes, ketols, and 0x0-fatty acids, which may be involved in wound healing and serve as a defense against pest and pathogen attack (Siedow, 1991) . The function of various LOXs in plants is unknown, but their participation in a11 stages of plant growth and development has been suggested (Hildebrand, 1989; Siedow, 1991) . Some of the physiological processes in which lipoxygenases have been implicated include wounding (Bell and Mullet, 1993; Geerts et al., 1994; Saravitz and Siedow, 1996) , pathogen attack (Keppler and Novacky, 1987; Croft et al., 1993; Melan et al., 1993) , seed germination (Kato et al., 1992) , fruit ripening (Ferrie et al., 1994) , plant senescence (Paliyath and Droillard, 1992; Rouet-Mayer et al., 1992) , and synthesis of ABA (Creelman et al., 1992) . Lipoxygenases have also been suggested to act as vegetative storage proteins during normal vegetative and reproductive growth and in response to nutrient stress and sink depravation (Tranbarger et al., 1991; Bunker et al., 1995) . Recently, inhibition of the expression of the gene encoding the chloroplast-localized LOX2 in transgenic Arabidopsis thaliana was shown to prevent wound-induced jasmonic acid accumulation, suggest-Plant Physiol. Vol. 11 3, 1997 ing that the enzyme is required for wound-induced jasmonic acid biosynthesis in plants (Bell et al., 1995) .
Multiple isoforms of LOX have been detected in a number of plants and animals (see Siedow, 1991; Yamamoto, 1992; Shibata and Axelrod, 1995) . Although most plant lipoxygenases are predominantly cytosolic, soluble enzymes, others have been shown in vacuoles, mitochondria, and the plasma membrane (Siedow, 1991; Tranbarger et al., 1991; Macri et al., 1994) . Microsomal and chloroplastic membrane-associated and soluble lipoxygenase isoforms from unripe tomato fruits have been characterized (Todd et al., 1990; Bowsher et al., 1992; Droillard et al., 1993; Ferrie et al., 1994) . The soluble lipoxygenase form has been reported to catalyze specific oxygenation of esterified fatty acids, whereas the microsomal membrane-associated lipoxygenase does not (Droillard et al., 1993) . Recently, a lipoxygenase purified from ripe tomato was reported to be inactive on complex membrane phospholipids (Regdel et al., 1994) . Two lipoxygenase genes cloned from tomato show differential expression patterns at the mRNA levels during plant growth and development and fruit ripening, but one of them has been suggested to be a membraneassociated lipoxygenase (Ferrie et al., 1994) .
We report here that the 94-kD LOX is a fruit ripeningspecific LOX that is expressed mainly in endopericarp and radial walls of red-ripe tomato fruit. The observation that 94-kD LOX mRNA but not the protein accumulates in aging fruits from Nr, a tomato mutant that lacks the ethylene receptor, suggests that ethylene is required for accumulation of the protein.
MATERIALS A N D METHODS
Wild-type tomato (Lycopeusicon esculentum Mil1 cv Rutgers) plants and the ripening-impaired mutant genotypes nonripening (nor) and Never ripe (Nr) (nearly isogenic to Rutgers) were grown under greenhouse conditions as described previously (Biggs and Handa, 1989) . Fruits used in tissue printing were obtained from Rutgers tomato plants grown in the field during the summer of 1994 at the Purdue ONeall research farm (West Lafayette, IN) using standard agricultura1 methods. Flowers from a11 plant genotypes were hand-pollinated and tagged, and their fruits were harvested at varying times after flowering (Biggs and Handa, 1989 ) unless otherwise specified. Plant and fruit pericarp tissues were frozen in liquid nitrogen and stored at -80°C until use.
SDS-PAGE of Total Proteins in Developing Tomato Fruits
For total protein analysis, fruit tissues were ground in liquid nitrogen and total proteins were extracted in an equal volume (w/v) of buffer A (0.1 M bis tris propane, pH 9.0, containing 1 mM PMSF [Sigma] ) and separated on 12% SDS-PAGE (Biggs and Handa, 1989) . Proteins were visualized by silver-staining (Oakley et al., 1980) .
Purification of the 94-kD Protein
One-hundred grams of red-ripe pericarp tissue was ground in 2.5 volumes (w/v) of buffer A in a Waring blender precooled to 4°C. Unless indicated otherwise, a11 subsequent operations were performed at 4°C. The slurry was further homogenized in a Teckmar Tissuemizer (Janke and Kunkel, Staufen, Germany) and centrifuged at 10,OOOg for 30 min. The supernatant was brought to 40% saturation with ammonium sulfate, stirred for 12 h, and centrifuged at 13,0008 for 45 min. The precipitate was resuspended in 0.5 M Tris-HC1, pH 9.0, and dialyzed for 12 h against three changes of the same buffer. The dialyzed supernatant was centrifuged at 15,OOOg for 25 min to remove particulate material and fractionated on a QAE-Cellulose column (46 X 4 cm, Sigma) equilibrated with 0.05 M Tris-HC1, pH 9.0. Elution was performed with a O to 1 M NaCl gradient in 0.05 M Tris-HC1, pH 9.0, and 5-mL fractions were collected. Fractions containing the 94-kD protein were identified by 10% SDS-PAGE, pooled, and precipitated by adding ammonium sulfate to 50% saturation. The pellet, after centrifugation at 13,OOOg for 45 min, was resuspended in 200 pL of 0.05 M Tris-HC1, pH 9.0, and electrophoresed on 10% SDS-PAGE. The band containing the 94-kD protein was excised and electroeluted using an Electro-Eluter (model 422, Bio-Rad). The eluate was precipitated with an acidic acetone solution to remove SDS (van Der Straeten et al., 1991) and centrifuged at 15,OOOg for 60 min, and the pellet was washed four times with ice-cold acetone and dried under a vacuum. The pellet was resuspended in 1.1 mL of PBS (0.14 M NaC1,O.Ol M NaH,PO, pH 7.4) and 0.1% (w/v) SDS with the aid of a sonicator.
Polyclonal Antibody Production and Purification
A New Zealand White rabbit was initially injected with 250 pg of purified 94-kD protein in Freund's complete adjuvant (Sigma) followed by a booster injection of 250 pg of the same immunogen in Freunds incomplete adjuvant (Sigma) 14 d later. After 7 weeks, blood was collected and IgG antibodies were purified as described by Biggs et al. (1986) . Cross-reactivity and titer of the antibodies against the 94-kD protein were determined using total proteins from red-ripe tomato fruit separated by 10% SDS-PAGE.
lmmunoblotting of the 94-kD Protein from Tomato Tissues
Total proteins from frozen tomato tissue were extracted in 2 volumes (w/v) of buffer A as described above. Protein concentrations were determined as described by Bradford (1976) with BSA as a standard. One microgram each of soybean LOX L-1, L-2, and L-3,10 pg of total proteins from fruit tissues, and 40 pg of total proteins from root, stem, and leaf tissues were separated on 10% SDS-PAGE and electrotransferred to supported nitrocellulose (BA-S 85, Schleicher & Schuell). After a 60-min incubation period at 25°C in blocking buffer (20 mM Tris, pH 7.5, containing 0.5 M NaCl and 3% [w/v] nonfat dry milk), the blots were challenged with either a 1:lOOO (v/v) dilution of tomato 94-kD protein antibodies or a 1:lOOO (v/v) dilution of soybean LOX L-1 antibodies in TBST (20 mM Tris HC1, pH 8.0, 0.5 M NaC1, and 0.5% [v/v] Tween 20) for 8 h at 25°C (Harriman et al., 1991) . Following two 10-min TBST washes, the blot was incubated with a 1:3000 dilution of either goat anti-rabbit IgG or rabbit anti-goat IgG conjugated with alkaline phosphatase (Sigma) for 2 h. Immunoreactive proteins were visualized as described by Harriman et al. (1991) .
Evolutionary Analysis of the 94-kD LOX
Phylogenetic tree construction of the 15 plant LOX cDNA sequences was obtained using the PILEUP, DISTANCES, and GROWTREE programs of the Genetics Computer Group Sequence and Evolutionary Analysis Software Package (Madison, WI). The deduced amino acid sequences from the 15 plant LOX cDNAs (obtained from the GenBank and EMBL libraries) were independently aligned using PILEUP, and then the evolutionary distances between the aligned sequences were calculated by the Kimura method using DISTANCES. The phylogenetic tree plot was constructed from the distance matrix produced from DISTANCES by the neighbor-joining method of GROWTREE.
Tissue Printing and Immunocytolocalization of LOX Protein in Ripening Tomato Fruits
Field-grown tomato fruits were harvested at mature green 1 (firm locular tissue), mature green 2 (small amount of gel present), and mature green 3 (gel formation complete) stages (Lincoln et al., 1987) , and breaker, turning, ripe, and red-ripe stages by levels of pigment development. Tissue printing and immunocytolocalization were done as previously described by Tieman and Handa (1989) with modifications. Individual fruits were cut into 1-cm thick slices with an electric food sheer (model 1030, Rivel, Kansas City, MO). Two slices that were mirror images of one another were placed on gel-blot paper (Schleicher & Schuell) saturated with 50 mM bis tris propane, pH 9.0, for 5 min, briefly blotted on dry gel-blot paper, and placed on BA-S 85-supported nitrocellulose membranes for 10 min with slight pressure. Tissue prints were air-dried for 15 min. One of the membranes was stained for total protein with 0.1% (w/v) amido black 10B in 25% (v/v) isopropanol and 10% (v/v) acetic acid for 5 min and destained with repeated changes of 25% (v/v) isopropanol and 10% (v/v) acetic acid for 30 min. The other membrane was incubated in the blocking buffer for 1 h at 25°C followed by two 10-min washes in TEST. The blot was challenged first with tomato LOX antibodies followed by alkaline phosphataseconjugated anti-rabbit IgG and developed as previously described. Five to seven fruits that were analyzed from each developmental stage showed reproducible patterns for 94-kD LOX accumulation.
RNA Extraction and Gel-Blot Analysis
Total RNAs from tomato root and leaf tissues as well as the various stages and tissues of fruit development were extracted as described by Biggs and Handa (1989) . Ten or 25 jig of total RNA was separated in a 1% (w/v) agaroseformaldehyde denaturing gel, and RNA gel blotting was performed on a Hybond N nylon membrane, according to the manufacturer's directions (Amersham). Hybridization with random-primed (DECAprime II, Ambion, Inc., Austin, TX) 32 P-labeled tomato LOX partial (1.7-kb) or fulllength (2.8-kb) cDNA inserts (Kausch and Handa, 1995) were performed at 65°C for 18 h in 6X SSPE (IX SSPE is 150 HIM NaCl, 10 mM NaH 2 PO 4 , 1 mM EOT A, pH 7.4), 5X Denhardt's solution (IX Denhardt's is 0.02% PVP, 0.02% Ficoll, and 0.02% BSA), 0.5% SDS, and 10 mg/ml denatured salmon sperm DNA. Posthybridization washes were done successively at 25°C for 45 min in 2x SSPE, 0.1% SDS; at 65°C for 30 min in IX SSPE, 0.1% SDS; and at 65°C for 30 min in 0.1 X SSPE, 0.1% SDS. Nylon membranes were wrapped in plastic and placed against film (XAR-5, Kodak) with two intensifying screens at -80°C. Figure 1A shows the SDS-PAGE of total proteins extracted from pericarp of the various stages of tomato fruit development. A 94-kD polypeptide that was present at all stages of fruit development gradually began to accumulate at the onset of ripening, with maximal accumulation in the red-ripe stage (Fig. 1A) . The 94-kD polypeptide from redripe tomato pericarp was purified in order to establish its identity. Total proteins from red-ripe pericarp were extracted in 0.1 M bis tris propane, pH 9.0, containing 1 mM PMSF and concentrated using ammonium sulfate. Most of the 94-kD protein was precipitated by 40% ammonium sulfate saturation, as determined by SDS-PAGE (data not shown). The ammonium sulfate precipitate was fractionated on a QAE-Cellulose column, and the 94-kD protein was eluted using a 0 to 1 M sodium chloride gradient. Fractions containing the 94-kD protein were pooled and concentrated by adding ammonium sulfate to 50% saturation and further purified by SDS-PAGE (Fig. IB) . The 94-kD polypeptide band was excised from the gel, elec- (Leu13681), Pisum sativum (Pslipox, Pslipocy), Clycine max (Soylox, Soyloxb, GmloxSr, Gmu04785, and Gmu04526), tomato (Leu09025 and Leu09026), Solarium tuberosum (Stloxl), Arabidopsis thaliana (Athlipoxy and Athatlo), and Oryza saliva (Oslrna and Ricl2op). Branch lengths reflect the degree of relatedness between lipoxygenases determined by overall sequence identity. The unrooted phylogenetic tree was constructed using the Genetic Computer Group's multiple sequence and evolutionary analysis programs PILEUP, DISTANCES, and GROWTREE. Numbers refer to the distance values calculated for Leu13681, compared with the other plant LOX sequences, and are expressed as the estimated number of substitutions per 100 amino acids.
RESULTS

Purification of a 94-kD Protein from Ripening Tomato Fruit
troeluted, and injected in a rabbit to raise polyclonal antibodies. Purified IgG reacted predominantly to the 94-kD polypeptide that accumulated during tomato fruit ripening.
The 94-kD Protein Is a Member of the Lipoxygenase Gene Family
The 94-kD protein antibodies were used to isolate the full-length cDNA (designated as Leul3681) encoding the 94-kD polypeptide (Kausch, 1996) . Based on an analysis of the nucleotide and the deduced amino acid sequences of Leul3681, we have previously reported that the 94-kD protein is a member of the LOX gene family (Kausch and Handa, 1995) . The full-length cDNA contains 2871 nucleotides with a single open reading frame encoding a protein of 859 amino acids and a predicted size of 97 kD (Kausch and Handa, 1995) , a size that is similar to the 94 kD obtained on SDS-PAGE. A phylogenetic tree, based on the alignment of the predicted amino acid sequence of plant LOX cDNAs, revealed an unrooted tree with an evolutionary similarity of tomato LOX Leul3681 to other members of the Solanaceae family (Fig. 2) . Leul3681 from cv Rutgers and Leu09025 from cv Caruso showed that they are closely related. The two LOX cDNAs, A. thaliana (Athatlo) and rice (Ricl2op), containing the signal peptide for chloroplastic localization were the most distantly related LOX sequences to the cloned tomato LOX Leul3681 (Fig. 2) . Figure 3 shows the cross-reactivity of the tomato fruit 94-kD protein and soybean LOX isozymes L-l, L-2, and L-3, with antibodies specific for soybean LOX L-l and tomato 94-kD protein, respectively. Among the polypeptides that cross-reacted with both antibodies, the 94-kD polypeptide was most predominant in red-ripe pericarp and had a molecular mass similar to that of the largest polypeptide that was present in the soybean LOX L-l, L-2, and L-3 preparations (Fig. 3A) . Both antibodies detected a single polypeptide of about 92 kD from tomato root tissue. The soybean LOX L-1-specific antibodies cross-reacted with soybean LOX L-l, L-2, and L-3 protein preparations, with a stronger reaction to soybean LOX L-l (Fig. 3) , a result similar to that reported earlier (Peterman and Siedow, 1985) . The tomato 94-kD-specific antibodies cross-reacted with all three soybean isozyme preparations, but a stronger reaction was obtained with the soybean LOX L-2 preparation than with the soybean LOX L-l and L-3 preparations (Fig. 3B) . The lower-molecular-mass polypeptides present in soybean LOX L-l and L-2 preparations, which crossreacted with soybean LOX L-1-specific antibodies, were not detected with the tomato 94-kD-specific antibodies (Fig.  3B) . The 88-kD polypeptide from 30-d-old pericarp crossreacted with the tomato 94-kD-specific antibodies, but not with soybean LOX L-l (Fig. 3) tides, which cross-reacted with both antibodies, most likely represented degradation products of mature tomato or soybean LOXs. Based on these analyses and a high degree of sequence identity of the 94-kD protein with the LOX gene family, we conclude that the 94-kD protein represents a tomato LOX.
Expression of the 94-kD LOX Gene during Tomato Fruit Development
We have examined the expression patterns of the 94-kD LOX gene at the mRNA and protein levels in order to evaluate the role of the 94-kD protein in tomato fruit development and ripening (Fig. 4A) . Total RNAs were extracted from tomato fruit at various stages of development, root, and leaf tissues and subjected to RNA gel-blot analysis (Fig. 4A) . A 2.8-kb transcript that was present in fruit pericarp hybridized with a 32 P-labeled cloned LOX cDNA insert, but was absent in the leaf and root tissues (Fig. 4A) . Levels of the 2.8-kb transcript increased gradually between 10 and 30 d after flowering and remained unchanged until the mature green stage. With further ripening the levels of 94-kD mRNA rose dramatically. The 94-kD protein levels at the same stages of fruit development were also examined using the tomato LOX (94-kD polypeptide) antibodies. As shown in Figure 4A , two polypeptides having estimated molecular masses of 92 and 94 kD were immunodetected in 30-d or older fruits. The levels of these polypeptides remained similar between 30-d-old and mature green stages of fruit development but increased greatly in the ripening fruits. A rapid accumulation of the 94-kD LOX in ripening fruit was correlated with the accumulation of LOX mRNA (Fig. 4A) . Root tissue contained a 92-kD polypeptide that cross-reacted with the tomato LOX-specific antibodies, but no cross-reactive polypeptide was detectable in the tomato leaf and stem tissues (Fig. 4A) . Together, these results suggest that we have cloned a fruit-specific LOX gene.
Tissue Immunolocalization of LOX in Ripening Tomato Fruits
The tissues that constituted the tomato fruit were examined to localize the expression of the 94-kD LOX during ripening. Figure 5 shows the spatial and temporal accumulation of LOX protein during tomato fruit ripening by tissue printing followed by immunocytolocalization using tomato LOX antibodies. Low levels of LOX protein were present in mature green 1 (data not shown) and mature green 2 stages of fruit development (Fig. 5) , but began to accumulate in the locular tissue as it developed into a viscous, gel-like substance by the mature green 3 stage (Fig.  5) . As the fruit ripened, LOX protein gradually accumulated in the locular jelly, columella, radial wall, and pericarp regions. The levels of LOX protein continued to in- . Levels of 94-kD LOX mRNA and protein in developing tomato pericarp and in the root, stem, and leaf (A) and different tissues of mature green and red-ripe tomato fruits (B) from cv Rutgers plants. LOX mRNA, Twenty-five micrograms of total RNAs extracted from ripening fruit, root, and leaf tissues was separated in a 1% formaldehyde-agarosegel, transferred to nylon membranes, and hybridized with a 1.7-kb 32 P-labeled insert from a partial LOX cDNA. For different tissues from mature green and red-ripe fruits, 10 /^g of total RNAs was separated by electrophoresis, blotted, and hybridized with a 32 P-labeled insert from the full-length LOX cDNA (Leul 3681). The RNA blot with the mature green and red-ripe fruit tissues was exposed for 4 and 2 d, respectively. LOX PROTEIN, Ten and 40 jug of total proteins extracted from fruit and vegetative tissues, respectively, were separated by 10% SDS-PAGE, blotted to nitrocellulose, and probed with a 1:2000 dilution of the tomato 94-kD IgG. crease even after fruit ripening was complete, with the greatest accumulation in the locular jelly followed by the pericarp and placenta tissues (Fig. 5) . No reaction was observed with the preimmune serum. Among the various buffers with different pH values tested, the pretreatment of the fruit slices with 50 mM bis tris propane, pH 9.0, enhanced the detectability of LOX protein on tissue prints, presumably by enhancing the solubilization of LOX protein (data not shown).
Tissue Specificity of LOX Gene Expression in Tomato Fruits
Levels of LOX mRNA and protein were determined from total RNA and protein that were extracted from the different fruit tissues of mature green and red-ripe tomato fruits to determine if the LOX gene is preferentially expressed in the locular jelly region. In mature green fruit columella and placenta tissues contained higher levels of LOX mRNA than exopericarp, endopericarp, and radial walls (Fig. 4B) . Increased steady-state levels of LOX mRNA were observed in tissues from ripened fruit, with the maximum accumulation in the radial walls, followed by the endopericarp, exopericarp, columella, and placenta tissues. Detectable levels of LOX mRNA were not present in the locular jelly tissue from mature green or red-ripe tomato fruits. Whereas placenta tissue showed the highest steady-state levels of LOX mRNA in mature green fruit, it had the lowest levels, with the exception of locular jelly, in the red-ripe fruit.
Patterns of LOX protein accumulation in various tissues of mature green and red-ripe fruit were different from those observed for LOX mRNA levels. LOX protein was present in all tissues, except locular jelly from the mature green fruits (Fig. 4B) . The 88-and 92-kD polypeptides, which were immunodetected in the radial walls and columella of mature green fruit, did not show significant increases during ripening (Fig. 4B) . However, much higher levels of the 94-kD LOX protein were observed in endopericarp, radial walls, columella, and placenta tissues from red-ripe tomato fruits compared with mature green tomato fruits (Fig. 4B) . Several cross-reactive polypeptides ranging from 88 to 94 kD were present in most tissues from mature green fruits, but none of them preferentially accumulated in a specific tissue type (Fig. 4B) .
LOX Gene Expression during Nr and nor Tomato Mutant Fruit Development
Expression of the 94-kD LOX gene in developing fruits from the ripening-impaired tomato mutants Nr and nor was examined to determine if it was ripening-specific. Since fruits from Nr show a delayed ripening pattern, whereas those from nor do not undergo the ripening process (Tigchelaar et al., 1978) , the expression of the cloned LOX gene in these mutants was analyzed based on fruit age. The levels of LOX mRNA and protein were determined in 25-, 35-, 45-, 55-, 65-, and 75-d-old fruits (Fig. 6) . In Nr fruit LOX mRNA was present in 45-d-old fruits, accumulated in 55-d-old fruits, and increased thereafter in 65-and 75-d-old fruits (Fig. 6) . The LOX mRNA levels in 55-to 75-d-old Nr fruits were similar to those obtained in ripening wild-type fruits. However, accumulation of the LOX transcript was not observed in nor fruits of any age, suggesting that the expression of the cloned LOX is associated with the onset of ripening. The patterns of LOX protein accumulation in the pericarp of various ages of mutant tomato fruits were different from those of mRNA accumulation (Fig. 6) . Immunodetectable 94-kD LOX protein was either absent or present in very low amounts in both the Nr and nor fruits (Fig. 6) . However, the 92-and . Changes in steady-state levels of 94-kD LOX protein and mRNA in aging pericarp of homozygous nor and Nr ripening-impaired tomato mutants. LOX mRNA and 10 /xg of total RNAs extracted from Nr and nor fruit pericarp were electrophoretically separated in a formaldehyde-agarose gel, blotted to a nylon membrane, and hybridized with a 32 P-labeled insert from Leu13681. LOX protein and 10 jag of total proteins extracted from Nr and nor fruit pericarp and wild-type red-ripe pericarp were electrophoretically separated by 10% SDS-PAGE, transferred to nitrocellulose, and detected with a 1:1000 dilution of the tomato 94-kD LOX IgG. The bottom panel shows the semiquantitation of the immunocross-reactive polypeptides present in 75-d-old nor and Nr fruits with respect to the 94-kD protein present in wild-type red-ripe fruits. The amounts of 0.25, 0.5, 1.0, 2.0, and 10 /xg of total red-ripe fruit proteins and 10 /xg of nor and Nr total proteins were separated by 10% SDS-PACE and immunodetected using the 94-kD antibodies, as described earlier.
Migrations of the 94-, 92-, 88-, and 67-kD immunodetected proteins are indicated. Numbers represent the days after flowering. RR, Wild-type red-ripe fruit.
88-kD cross-reactive polypeptides accumulated with age in the Nr fruits, whereas levels of these proteins remained unchanged in aging nor fruits (Fig. 6) . The maximum levels of the 92-and 88-kD cross-reactive LOX proteins were obtained in 75-d-old Nr pericarp, but were at least two times lower than the levels of the 94-kD LOX protein that was observed in wild-type red-ripe fruits (Fig. 6 ). Even though levels of LOX mRNA in Nr were similar to those obtained in wild-type fruits, the reduced abundance or absence of the 94-kD protein in Nr fruits may indicate that ripening-associated accumulation of this protein in wildtype fruits is also regulated at the posttranscriptional level.
DISCUSSION
SDS-PAGE analysis of total proteins extracted from ripening tomato fruits revealed increases, decreases, and fluctuations in the levels of many polypeptides (Fig. 1A) (Biggs et al., 1986) . However, the identity of most of these proteins is not yet known. A 94-kD polypeptide begins to accumulate at the onset of fruit ripening and represents one of the most abundant proteins in ripe tomato fruits (Fig. 1A) . To establish the identity of the 94-kD polypeptide, this protein was purified to an apparent homogeneity from the pericarp of red-ripe tomato fruits, and antibodies raised against the purified protein were used to isolate and characterize a full-length cDNA encoding this protein (Fig. IB) (Kausch and Handa, 1995) . Several independent lines of evidence suggest that the 94-kD protein is a member of the lipoxygenase gene family. Among the 24 independent partial cDNA clones isolated after immunoscreening a cDNA library made to poly(A) + RNA from red-ripe tomato fruit, 16 showed between 48.1 and 99.5% similarity to other plant LOXs at the nucleic acid level (data not shown). The deduced amino acid sequence of the full-length 94-kD cDNA contains the 38-amino acid residue motif with 13 conserved residues present in all reported plant and animal LOXs in addition to other highly conserved regions (Shibata and Axelrod, 1995) . All amino acid residues required for binding to the iron cofactor are conserved in the 94-kD tomato LOX (Leul3681), except for the Asn-694, which can be replaced by His, suggesting that it belongs to a LOX subgroup containing Leu09025 and HumloxlSa (Kausch, 1996) . The antibodies specific for the purified 94-kD protein cross-react with purified soybean LOX L-l, L-2, and L-3 isozymes, and soybean LOX L-1-specific antibodies crossreact with the 94-kD tomato protein that accumulates during ripening (Fig. 3) . The tomato LOX-specific antibodies preferentially cross-react with soybean LOX L-2 compared with a moderate detection of soybean LOX L-l and a faint recognition of the L-3 isozymes (Fig. 3B) . Recognition of soybean LOX L-2 protein by the tomato antibodies suggests a commonality of some LOX isozymes among plant species, whereas the slight cross-reactivity with soybean LOX L-l and L-3 may be representative of more intraspecies-specific isozymes. A phylogenetic tree analysis of the predicted amino acid sequences from 15 plant LOX cDNAs suggests an evolutionary clustering of tomato and potato LOXs that are distinct from those from pea and soybean (Fig. 2) (Kausch, 1996) . LOX mRNA from ripening tomato pericarp was identified as a single band with a transcript size of 2.8 kb, based on RNA gel-blot analysis (Fig. 4A) . The 94-kD LOX is rapidly induced at the onset of tomato fruit ripening, with similar levels of its transcripts being present in the breaker to ripe stages of fruit development. The 94-kD LOX mRNA is not detected in leaf and root tissues, implying a fruitspecific expression pattern for this LOX. The 2.8-kb mRNA species that is present in the green stages of fruit development, which hybridized to the 94-kD cDNA probe, is most likely the transcript of another LOX isozyme that is expressed in developing tomato fruits. Among the two tomato LOX genes cloned by Ferrie et al. (1994) , maximal accumulation of tomloxA expression was in the germinating seedlings and in the breaker stage fruits, whereas tomloxB mRNA was detectable only in ripening fruits, with the highest leve1 present in ripe fruits. Levels of the 94-kD LOX protein steadily increased during ripening, reaching a maximum at the red-ripe stage. The noticeable differences among mRNA and protein accumulation profiles during tomato fruit development (Fig. 4A ) may indicate an increased stability of the 94-kD LOX protein, resulting in its accumulation in red-ripe fruits. Discrepancies between mRNA and protein accumulation have been reported for a nitrogen-responsive LOX from soybean plants grown under different nitrogen sources and concentrations (Grimes et al., 1993) .
Immunocytolocalization of the 94-kD LOX using tissue printing revealed the highest accumulation of this protein in the locular jelly during tomato fruit ripening (Fig. 5) .
However, the maximum expression of the 94-kD LOX gene at the mRNA and protein accumulation levels was obtained in the endopericarp and radial walls in red-ripe tomato fruits (Fig. 4B) . This discrepancy could be due to a preferential binding of the easily accessible locular protein to nitrocellulose during tissue printing. However, we have not seen similar patterns for polygalacturonase, a protein that also accumulates to very high levels in ripening fruits, using the same technique (Tieman and Handa, 1989) . There was a correlation between the steady-state levels of the 94-kD LOX mRNA and protein in all tissues except locular jelly, where protein accumulated in the absence of detectable mRNA in ripe fruits. Although more work is needed, these results may indicate that the 94-kD LOX synthesized in the pericarp and columella tissues accumulates in the locular jelly during tomato fruit ripening.
Patterns of the 94-kD LOX expression during nor and N r fruit development provide an interesting insight into the regulation of its expression. The absence of accumulation of the 94-kD LOX mRNA and protein in the nor fruit indicate that expression of this gene is linked with the ripening process (Fig. 6) . Levels of the 94-kD LOX mRNA in 45-d or older Nr fruits are similar to the levels observed in ripening wild-type fruits. However, both nor and Nr fruits do not accumulate the 94-kD LOX protein, but instead accumulate 92-and 88-kD proteins that cross-react with the 94-kD LOX antibodies (Fig. 6) . The 92-and 88-kD proteins are also present in mature green wild-type fruits (Fig. 4B) . Since the N r mutation blocks ethylene perception (Lanahan et al., 1994) , these results suggest that either ethylene is not required for transcriptional regulation of 94-kD LOX, or that the residual ethylene responsiveness of NY is sufficient to activate expression of this gene (Yen et al., 1995) . However, the absence of detectable levels of 94-kD LOX protein in Nr fruits indicates that ethylene plays a role in posttranscriptional accumulation of its protein in ripening fruits by regulating either translation or stability of the protein. Ethylene-mediated, posttranscriptional regulation of cellulase and polygalacturonase gene expression has been reported in ripening avocado mesocarp discs (Buse and Laties, 1993) . Together, these results suggest that the 94-kD LOX belongs to a set of ripeningspecific genes that do not require ethylene for mRNA accumulation but do require ethylene for posttranscriptional accumulation of their protein products.
The physiological role of the cloned 94-kD LOX in fruit development is not clear. LOX is thought to be involved in the formation of volatile compounds that provide characteristic flavor and odor (Hildebrand, 1989) . LOX-catalyzed reactions produce both 9-and 13-hydroperoxide products (Vick and Zimmerman, 1987) . The 13-hydroperoxide product is further metabolized into other products, including jasmonic acid, a plant growth regulator, and hexenal, the volatile compound that gives tomato fruit its aroma. However, formation of the 9-hydroperoxide product is favored over the 13-hydroperoxide by 24:l by LOX that is present in tomato fruits (Galliard and Matthew, 1977; Regdel et al., 1994) . The fate of the 9-hydroperoxide product is unknown, but about 0.1% of it may be converted to hexanal under high concentrations (Hantanaka et al., 1992) . Another possible role for this ripening-specific LOX is in the degradation of cell membranes during fruit senescence. LOX-catalyzed and nonenzymatic formation of free radicais can directly attack membranes, leading to membrane deterioration in an autocatalytic manner (Paliyath and Droillard, 1992) . The reticulocyte 15-LOX has been shown to oxygenate many types of biological membranes without prior action of a phospholipase (Kuhn and Brash, 1990) and has been suggested to be involved in the degradation of mitochondrial membranes during the maturation of red blood cells (Schewe et al., 1986) . Droillard et al. (1993) have reported the oxygenation of fatty acids esterified in phospholipids by the LOX activity present in green tomato fruits. Regdel et al. (1994) have purified and characterized a LOX from ripe tomato fruits that shows the substrate and reaction specificity similar to a LOX present in potato tubers. The purified LOX from ripe tomato fruits showed a sizable consumption of oxygen when submitochondrial particles from beef heart or chloroplast from spinach and wheat were used as the substrates, but esterified oxygenated polyenoic fatty acids in the membrane lipids were not detected (Regdel et al., 1994) . We have created transgenic tomato fruits down-regulated for the 94-kD LOX gene expression (Kausch, 1996) . Biochemical characterization of these transgenic fruits may help in understanding the role(s) of the 94-kD protein during fruit ripening.
